SSC22-WKVIII-06
The CANVAS Mission: Quantifying the Very-Low-Frequency Radio Energy
Input from the Ground into the Earth’s Magnetosphere
Robert A. Marshall, Riley A. Reid, James M. Cannon, Sebastian Wankmueller, Paraksh Vankawala, Scott
Palo
Department of Aerospace Engineering Sciences, University of Colorado Boulder
775 Discovery Drive, Boulder, CO 80303; (303) 735-4900
robert.marshall@colorado.edu
David M. Malaspina
Department of Astophysical and Planetary Sciences, University of Colorado, Boulder
2000 Colorado Ave, Boulder, CO 80309; (303) 492-8915
Laboratory of Atmospheric and Space Physics
3665 Discovery Dr, Boulder, CO 80303; (303) 492-6412
David.Malaspina@lasp.colorado.edu
Thierry Dudok de Wit, Guillaume Jannet
LPC2E, CNRS and University of Orléans
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ddwit@cnrs-orleans.fr

ABSTRACT
Very-low-frequency (VLF) electromagnetic waves, emitted by ground-based sources including lightning
and VLF transmitters, can impact the lower ionosphere and magnetosphere through their interaction with
the local plasma and energetic particle environments. Quantifying the impacts of these waves requires an
accurate assessment of the propagation and attenuation of these waves. The Climatology of Anthropogenic
and Natural VLF wave Activity in Space (CANVAS) mission is designed to measure VLF waves in low Earth
orbit originating from these ground-based sources. The mission aims to characterize the VLF environment
in low Earth orbit to address two main goals: i) constrain the VLF wave injection from the ground into the
magnetosphere, and ii) improve models of VLF wave attenuation during propagation through the ionosphere.
CANVAS will measure VLF waves using three search coil magnetometers and two electric field dipole
antennas that comprise its payload. The search coils are integrated into a 3D-printed Carbon PEEK holder,
along with the magnetic field preamplifier board. The search coil system is deployed 1 meter from the
spacecraft using a carbon fiber deployable boom, in order to isolate the sensitive search coils from spacecraft
noise. The electric field system is composed of four 40 cm monopole antennas, making two orthogonal dipole
antennas, integrated into the spacecraft “crown”, along with a custom preamplifier circuit for each monopole.
The payload is completed by a custom analog receiver board, providing amplification, anti-alias filtering, and
centering for the analog-to-digital converters (ADCs); and a custom digital board, which includes an FPGA
for onboard signal processing. Spectral data spanning 0.3–40 kHz are saved at 1-second cadence, providing
a continuous “fast survey” data mode for the duration of the mission.
The CANVAS spacecraft is a 4U CubeSat, 10 × 10 × 45 cm and under 6 kg. In addition to the 1-meter
deployable carbon fiber boom and electric field antennas, the spacecraft incorporates deployable solar panels
and a monopole antenna for UHF communications. Data is downlinked in S-band. The spacecraft structure
and avionics are custom-designed and built at CU Boulder, while the radios and attitude determination and
control system (ADCS) are vendor-supplied components.
The CANVAS mission is designed to operate at ∼500 km altitude in a moderate-inclination orbit (∼50
degrees), to ensure global coverage of lightning-generating regions; most lightning globally is confined to
within ±50 degrees latitude. Spectra at 1-second cadence account for ∼424 MB of data per day, after
housekeeping and encoding overhead. A one-year mission will ensure seasonal coverage to observe the
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variability in global lightning activity.
This paper presents a detailed overview of the CANVAS science goals, payload, spacecraft, and mission.
The instrument is now completed and undergoing functional testing and performance characterization, and
the spacecraft is beginning integration, expected to be completed in Fall 2022. The CANVAS mission will
be ready to launch in early 2023.
INTRODUCTION

ing the slot region of depleted fluxes between the inner and outer radiation belts. However, an accurate
quantification of the amount of VLF energy which
penetrates from the ground, through the ionosphere,
and into the magnetosphere is critical to these conclusions.6

Lightning flashes occur globally about 50 times
per second. With peak currents ranging from a few
to hundreds of kiloAmperes (kA) and stroke durations of tens to hundreds of microseconds, lightning
discharges are the world’s most powerful radiators of
very-low-frequency (VLF) and low-frequency (LF)
energy. While most of the lightning electromagnetic
pulse (EMP) energy propagates efficiently in the
Earth-ionosphere waveguide, ultimately it dissipates
in three regions: the partially-conducting ground,
the lower ionosphere, or the magnetosphere. Graf et
al.1 estimated that 80% of the radio energy is dissipated in the ionosphere, while 20% escapes to the
magnetosphere, and only a tiny fraction is lost to
the ground; almost all of the electromagnetic energy
is lost in space. However, these estimates are based
on modeling calculations combined with limited observations from spacecraft. A complete diagnostic
measurement of lightning energy in space has not
yet been conducted.
When the lightning EMP enters the magnetosphere, it propagates as a whistler-mode electromagnetic wave, often simply referred to as a lightninggenerated “whistler”. Whistlers propagate within
the plasmasphere, reaching as high as 5 Earth radii
in altitude, undergo multiple “reflections” at lower
altitude, and continue to propagate for 20 seconds
or more. Figure 1 shows model calculations from
Sousa2 that predict where lightning-generated VLF
energy is deposited in the inner magnetosphere; such
a distribution should be directly comparable with
data that CANVAS will provide.
During VLF wave propagation, the wave loses
energy to the plasmasphere via Landau damping,
and interacts with radiation belt electrons. Through
these wave-particle interactions those electrons can
be scattered into the loss cone, removing them from
the radiation belts and depositing their energy in
the upper atmosphere. VLF waves thus play an
important role in controlling the evolution of energetic electron distributions in near-Earth space.
Whistler-mode waves propagating in the magnetospheric plasma can induce pitch-angle scattering and
precipitation of trapped energetic particles.3, 4 Abel
and Thorne5 concluded that VLF waves radiated
from lightning play a significant role in maintainMarshall
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Figure 1: Model-predicted VLF energy density in the inner magnetosphere, plotting as
longitude vs. L-shell, for daytime and nighttime. The lower panel shows the global distribution of lightning and VLF transmitter
sources. From Sousa.2
Lightning-generated whistlers are one of the
many VLF waves which contribute to the moderation of radiation belt fluxes. “Chorus” and “hiss”
are naturally-occurring VLF waves in the inner magnetosphere, the source and effects of which are still
under thorough investigation,7, 8 but are known to
play key roles in controlling observed radiation belt
fluxes.9 VLF signals from ground-based VLF transmitters3, 10 and power-line harmonic radiation or
PLHR11 also play a role, but their relative contributions are not yet well understood.
VLF OBSERVATIONS FROM LEO
Only a few missions have flown VLF receivers
in LEO in the past 20 years. The microsatellite DEMETER mission12 was designed primarily to
2
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study ionospheric perturbations due to seismic activity, but also to make a general global study of the
electromagnetic environment in LEO. DEMETER’s
instrumentation included the Instrument Magnetic
Search Coil (IMSC), with three orthogonal search
coils measuring VLF waves up to 20 kHz,13 as well
as the Instrument Champ Electrique (ICE), capable
of measuring the vector electric field components using four spherical probes.14
The DEMETER mission operated from June
2004 to December 2010. Numerous VLF science results have come from this mission, including many
relevant to CANVAS science goals, such as observations of radiation belt precipitation due to VLF
transmitters;10 assessment of VLF transmitter propagation into the magnetosphere;15–17 and observations of ionospheric heating by VLF transmitters.18
However, as mentioned above, DEMETER did not
specifically target lightning and VLF transmitters as
science goals; and its sun-synchronous orbit limited
the local time coverage of the mission.

Figure 2: Example burst-mode VLF E-field
data from the VPM CubeSat mission, showing lightning-generated whistlers and VLF
transmitters; adapted from Marshall et al .34
All of these previous missions were relatively
large spacecraft: DEMETER had a total spacecraft
mass of 130 kg, CASSIOPE and ZH-1 weighed in
at 500 kg and 700 kg, respectively, and each Van
Allen Probes spacecraft weighed ∼650 kg at launch.
More recently, the Very-Low-Frequency Propagation
Mapper (VPM) mission became the first mission to
fly a VLF receiver on a CubeSat.34 VPM was a
6U CubeSat with a single electric field dipole antenna and a single search coil, packaged in a 12 kg
spacecraft. It operated from February to September 2020, and a number of science results have already been published.35, 36 Figure 2 shows example burst VLF data from the electric field antenna,
i.e. full resolution data sampled at 80 kS/s (thus
covering up to 40 kHz). With clear evidence of
lightning-generated whistlers and VLF transmitter
signals with high SNR, VPM demonstrates that
high-quality VLF data can be collected from a small
package.
The CANVAS mission is designed to emulate
(and improve upon) the DEMETER mission, but
in a CubeSat package, building on the experience of
VPM. CANVAS includes five channels, two electric
and three magnetic, to measure the complete wave
field for lightning and VLF transmitter signals, and
allowing the Poynting flux and direction to be determined. As such, CANVAS will build on the observational record of DEMETER and ZH-1, while
conducting these observations from a CubeSat platform.
A detailed overview of the CANVAS payload was
given by Reid et al.37 This paper provides a complete overview of the CANVAS mission, including

Other missions to operate VLF receivers in
LEO include the CASSIOPE mission,19 which was
launched in 2013 and continues to operate, and the
Chinese Seismo-Electromagnetic Satellite (CSES),
also known as ZhangHeng-1 or ZH-1, which launched
in 2018.20 ZH-1 is similar in both objectives and
instrumentation to DEMETER, carrying an electric field instrument known as EFD21 and a search
coil magnetometer (SCM) instrument, with bandwidth identical to the instruments on DEMETER.
Some published results from ZH-1 include studies of
VLF transmitter signals,22 and of the relationship
between VLF waves and electron precipitation from
the radiation belts.23
While not a LEO mission, the Van Allen Probes
spacecraft24 have made valuable observations for
VLF transmitters and lightning generated whistlers
in the space environment. Data from the EFW25
and EMFISIS26 instrument suites provide three-axis
electric and three-axis magnetic components of VLF
waves up to ∼12 kHz. These data have been used
to study VLF transmitter signals27 and their contribution of energetic particle scattering;28, 29 and the
same for lightning-generated whistlers.30–33 However, Van Allen Probes observations rarely reach
low-Earth orbit, and only at low latitudes; and the
observation of waves originating from Earth necessarily includes the complex propagation through the
magnetosphere, making it difficult to untangle the
relative propagation effects of the ionosphere and
magnetosphere.
Marshall
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Figure 3: CANVAS Science Traceability Matrix, outlining mission science objectives and measurement requirements.
vector (i.e. propagation direction). In order to determine these quantities, we must measure the amplitude spectra in E-field and B-field wave components. The rest of the table lays out the detailed
numerical requirements, the projected measurement
performance, and the resulting data products. Finally, the last column lists a few key mission requirements that are imposed by the science objectives.
The key requirements to come out of the STM
are the need for E-field and B-field measurements;
the basic mission / orbit requirements; and spacecraft position and attitude knowledge. The latter
requirement drives the need for an accurate attitude
determination and control system (ADCS), which in
turn drives the complexity and cost of the spacecraft
design.
Figure 4 shows the final CANVAS spacecraft
in its deployed configuration. To ensure low-noise
B-field measurements, the three-axis magnetic field
sensor is deployed on the end of a 1-meter boom, isolating the sensor from the noisy spacecraft components. Two electric field dipole antennas are created
from four individual deployable monopoles. A UHF
tape spring monopole antenna (shown in yellow) is
used for command and telemetry. To meet spacecraft power requirements, two deployable solar panels and one body-mounted solar panel are included.

science objectives, payload design, and spacecraft
and mission design. It ends with a brief description of the project management structure, describing
a unique approach to managing a low-cost mission
with considerable student leadership.
CANVAS MISSION OBJECTIVES
In the context of the background described
above, CANVAS aims to address the following science questions:
• What is the electromagnetic energy input
into the space environment by lightning and
ground-based VLF transmitters?
• What is the frequency spectrum of VLF wave
energy above the ionosphere in the 0.3–40 kHz
range?
• What is the transmission transfer function of
the ionosphere for VLF energy, and how does
it vary in space and time?
To address these questions, Figure 3 lays out the
Science Traceability Matrix (STM) for the CANVAS mission. The science questions require measurements of VLF wave power, spectrum, and kMarshall
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A total of eight deployable structures are included in
the CANVAS spacecraft, and its final configuration
in Figure 4 spans maximum dimensions of 90 × 90
× 145 cm.

with heritage on the TARANIS, Parker Solar Probe
and Solar Orbiter missions.39–41 These are 9.5 cm
long, 10 cm diameter search coils with flux concentrators at the ends. The three coils are housed in a
CU-Boulder designed, 3D-printed holder, described
next. The search coil preamplifier is identical to the
TARANIS design, but laid out in a single circular
PCB embedded in the search coil holder, as shown
in Figure 5.
Search Coil Holder
The requirements of the magnetic field measurements impose strict requirements on the search coil
holder. The holder must be non-conductive and
non-magnetic; stiff to ensure orthogonality of the
search coils; low outgassing; and manufacturable.
Our search coil holder is a 3D-printed structure design by CU Boulder students and printed by Roboze,
Inc. The material chosen for the holder is Carbon
PEEK, i.e. polyether ether ketone with 10% carbon fiber particles. The carbon adds stiffness and
reduces warping in the printing process, which can
occur with PEEK due to the high print temperature
required.
The search coil holder integrates the preamplifier
board and interfaces with the boom, described next.
The holder is also carefully designed to fit within
the spacecraft structure, survive launch vibration,
and still be deployable once in space.

Figure 4: Rendering of the CANVAS CubeSat in its fully deployed configuration.

INSTRUMENTATION
In order to meet the science requirements of the
CANVAS mission, we require measurements of at
least five components of the electromagnetic wave,
including two E-field components and all three Bfield components. These form the minimum information necessary to determine the full set of wave
parameters, including the Poynting flux and spectrum, wave normal angle, polarization, ellipticity,
and planarity.38 Figure 5 shows an overview of the
CANVAS instrumentation suite, which is described
in detail in the subsections below.

Search Coil Boom
The CANVAS search coils must be sufficiently
isolated from the spacecraft to minimize interference
from the spacecraft electronics. As a rule of thumb,
the sensor should be placed at a distance roughly two
times the maximum dimension of the spacecraft.42
As such, with our 45 cm spacecraft, we have nominally designed for a 1-meter boom.
The boom is designed and manufactured by
Composite Technology Development (CTD), Inc. It
consists of a carbon fiber strip that is memoryshaped into a hollow cylindrical tube, then rolled
into a short spool and housed in an aluminum box.
As it is deployed by a motor turning the spindle,
the memory shape causes the boom to close on itself
into its cylindrical shape, with interlocking teeth to
provide rigidity. The search coil signal and power
cables are simultaneously payed out from a second
spindle with an integrated slip ring. Upon completion of the deployment, a locking mechanism holds
the spacecraft end of the boom to provide a rigid interface to the spacecraft. With this design, the boom
has been modeled to have a worst-case fundamental

Electric Field Instrument
CANVAS measures two orthogonal components
of the wave electric field using crossed dipole antennas, each made up of 40 cm monopoles. At
VLF wavelengths, these are electrically small antennas, only ∼90 cm in length tip-to-tip. These
electric field antennas are attached to the spacecraft
“crown”, as shown in Figure 5 (left), and deployed
into their flight configuration by burn-wires. The
crown and hinge mechanisms were custom-designed
at CU Boulder. Each monopole antenna has its
own unity-gain preamplifier circuit, incorporated on
a single PCB embedded in the spacecraft crown. Signals from opposing pairs of preamplifiers form differential signals that are fed through a cable to the
receiver.
Magnetic Field Instrument
The magnetic field components are measured by
three orthogonal search coils, developed by LPC2E,
Marshall
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Figure 5: CANVAS instrumentation suite, including the two-axis dipole antenna, three-axis
search coil, preamplifiers, and analog and digital electronics.
frequency of 0.75 Hz, ensuring it can be controlled
by the spacecraft ADCS system, and to provide attitude knowledge of the search coils to within 1 degree,
as required for the mission science goals (Figure 3).

band radio and daughter board, described in the
next section.
The analog board, shown in the top right of
Figure 5, includes the complete analog processing
chain for each of the five VLF channels. Each chain
consists of a differential amplifier, with different
gains for E-field and B-field channels; an 8th-order
Chebyshev-II anti-aliasing filter; an ADC driver providing buffering and signal centering; and an ADC,
which samples each signal at 217 = 131, 072 samples
per second with 16-bit resolution.
Sampled digital data is then sent to the digital
board for onboard processing. The digital board is
centered around a Kintex-7 FPGA, but also includes
power conditioning for the FPGA and for the analog board and preamplifiers, ensuring that all power
conditioning for the instrument is separate and isolated from the spacecraft power. The digital board
is not shown in Figure 5, but has identical board
dimensions as the analog board.

Figure 6: The CANVAS boom for search coil
deployment, in its stowed and deployed configurations.

Data Processing
The CANVAS payload records data at
131,072 samples per second on each of five channels, adding up to 120 GB per day of raw data.
Onboard processing or data selection is required to
reduce this data to an amount that can be downlinked. To maximize global coverage, we choose
to compress the data onboard, but otherwise keep
continuous data coverage.

Instrument Electronics
Signals from both E-field and B-field preamplifiers are fed to the electronics stack within the spacecraft, which includes an analog receiver board and a
digital processing board, as well as the spacecraft
Command and Data Handling (CDH) board, the
Electrical Power System (EPS) board, and the SMarshall
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of 67 frequency bins.
Before time binning, the FFT outputs are formed
into spectral and cross-spectral matrix components,
ζi ζi∗ , where ζi represents Ex , Ey , Bx , By , or Bz .
The (real) power spectral components such as
Ex Ex∗ , Bx Bx∗ , etc. form the diagonal of the spectral
matrix and contain the power spectra. The (complex) cross-spectral components such as Ex Bx∗ , etc,
are necessary to compute ellipticity, planarity, and
polarization, as well as to resolve the 180-degree kvector ambiguity. Altogether, five real spectral components and 10 complex cross-spectral components
must be stored. These components can now be averaged in time to reduce the data volume. We average
each component of the spectral matrix to 1-second
resolution. The averaged spectral matrix components are stored and transmitted to the ground; once
downlinked, spectral matrix components can be used
in a Singular Value Decomposition method38 to calculate the wave parameters of interest.
After this processing, the CANVAS payload produces ∼212 MB per day when running continuously,
reduced from the original 120 GB per day of raw
data. The spacecraft communications system, described in the next section, downlinks all of this data
to the ground.
Performance
Figure 7: Data processing flowchart for CANVAS data, from raw 5-channel data at the top
to binned, averaged, and compressed spectral
matrix products at the bottom.

The flight instrument performance has been fully
tested and characterized. The full signal chain, including sensors (E and B), preamplifiers, analog, and
digital signal processing has been shown to meet the
science requirements for frequency range, sensitivity, SFDR, and crosstalk. Through the digital signal processing, the instrument meets requirements
for time and frequency resolution.

Compression of VLF data is conducted carefully
so that important wave properties are maintained.
To keep the full range of wave frequencies, but also
maintain information about the wave normal angle
(k-vector direction), Poynting flux and Poynting vector direction, planarity, polarization, and ellipticity,
the following processing steps are conducted in an
on-board FPGA.
First, the three component B-field vector must
be rotated into the coordinate system of the electric field antennas through a stored rotation matrix. Next, the fast Fourier Transforms (FFTs)
of all five channels are computed with 1024-point
FFTs, giving 128 Hz frequency resolution from DC
to ∼65 kHz. The power spectral outputs are pseudologarithmically binned in frequency space, with 57
bins covering the full instrument frequency range
from 300 Hz to 40 kHz with ∼10% frequency resolution (df /f ). In addition, 10 narrow-band bins
centered on known VLF transmitter frequencies are
extracted without significant averaging, for a total
Marshall

SPACECRAFT DESIGN
CANVAS has been designed around the CubeSat
standard; however, unconventionally, it is designed
as a 4U spacecraft, with dimensions of 10 × 10 ×
45 cm and a maximum mass of 6 kg. With the relatively large search coil assembly and boom mechanism taking up 2U, the 4U design is the minimum
size necessary to accommodate all instruments and
spacecraft subsystems required for this mission. The
more standard 6U designs were less accommodating
to the E-field antenna design (the 2U × 3U form
factor) or more difficult for attitude control (the 1U
× 6U form factor).
The CANVAS spacecraft configuration is shown
in Figure 8. The left half of the spacecraft is largely
7
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Figure 8: Rendering of the complete CANVAS spacecraft. One side panel and solar panel
have been removed to highlight each of the key subsystems.
occupied by the B-field instrumentation, including
the search coil assembly and boom deployer, but
additionally the batteries are designed into this region. The right half of the spacecraft includes the
E-field antennas, crown and preamp; the ADCS system; and the complete electronics stack, including
spacecraft avionics and payload electronics, as described earlier.

wards the sun for battery charging, and point its
S-band antenna at our ground station for data downlink.
Communications
CANVAS will use the ground station at the Laboratory for Atmospheric and Space Physics (LASP),
at CU Boulder, as the mission and science operations
center. The LASP ground station includes a UHF
double-Yagi antenna for uplink and downlink up to
19.2 kbps, and an S-band dish antenna and radio for
downlink at up to 25 Mbps.
To match these specifications, CANVAS flies
both UHF and S-band radio and antennas. The
UHF radio is the Lithium-2 from Astrodev, and
the UHF antenna is a custom “measuring tape” antenna, deployed via burn wire (the yellow antenna
in Figure 4) and operated at 437 MHz. The measuring tape antenna is impedance-matched to the radio,
and tuned in testing to the optimal antenna length.
The S-band radio is the HSTX from AAC Clyde
Space, capable of up to 10 Mbps downlink with convolutional encoding. The radio is paired with AAC
Clyde Space’s SANT patch antenna, with 8.3 dBi
gain. The radio and antenna will be operated at
2405 MHz. Convolutional encoding improves the
successful downlink of packets, but at the cost of
doubling the data to be downlinked; as such, the

ADCS
The Attitude Determination and Control System
(ADCS) requirements are driven by the need for accurate wavenormal angles (k-vectors) from the science data, as well as requirements for sun-pointing
and ground station pointing during mission operations. In particular for the science, we require kvector directions with ∼1 degree accuracy, which
can only be obtained if we have knowledge of the
instrument attitude with better accuracy than this
requirement.
To meet this need, we use the Blue Canyon Technologies (BCT) XACT system. This 0.5U system
provides attitude knowledge of better than 0.01 degrees in all axes with a single star tracker. In addition, simulations have shown that the XACT system can accurately control the spacecraft, even with
the long deployable boom. This control authority
ensures that CANVAS can point its solar panels toMarshall

8

36th Annual Small Satellite Conference

Figure 9: Block diagram of the spacecraft EPS system, including batteries, solar panels, and
power regulation systems.
data budget requires the downlink of ∼424 MB per
day.

board (the EPS board); a battery system; and solar
panels.
The EPS board is a custom-designed PCB with
buck converters for the solar panel inputs; buck converters for the various voltage outputs, including two
12V outputs and one 3.3V output; a dsPIC33 microcontroller to implement maximum power point
tracking and to collect housekeeping data; and various sensors to monitor voltages, currents, and temperatures. There is also a watchdog timer to reset
the EPS system in the event of an anomaly. The
completed and tested flight EPS board is shown in
Figure 10.
The battery system consists of a set of lithium
ion batteries, sourced from Tenergy and assembled
in-house for flight, including thermal and structural epoxies, vibration testing, vacuum testing, and
power cycle testing. A custom battery PCB is included in the battery system; this battery board
implements a closed-loop temperature sensor and
heater system to keep the batteries above 0 C at
all times.
Finally, power is collected by a set of three
custom-built solar panels, one body-mounted and
two deployed with hinges on their long edge. Each
panel is ∼40 cm in length and holds nine AzurSpace
3G30A triple-junction solar cells, with >29% efficiency. The layout of the cells was developed by
CU Boulder to allow for close packing of the cells
while accommodating connectors, burn wire resis-

Command and Data Handling
CANVAS uses a custom Command and Data
Handling (CDH) solution. This single PCB was developed at CU Boulder, building on heritage designs
from the CSSWE, MinXSS, QB50, and Maxwell missions. The CDH is centered around a PIC32 microprocessor, which runs the flight software (FSW); the
FSW has flight heritage from those prior missions.
An addition to the CDH board for CANVAS is
the use of three micro-SD (µSD) cards for onboard
storage. The three cards store exact copies of the
data; when the data is read out for downlink to the
radio, the CDH runs a voting scheme to correct for
any errors. If one card fails in flight, the system reverts to a scheme where errors are flagged if the two
cards disagree, but those errors cannot be corrected.
If two cards fail, we still have a single card to allow continued operation, but no ability to detect or
correct errors in hardware.
Power Systems
The CANVAS Electrical Power System (EPS) is
a custom-designed system building on previous heritage at CU Boulder. Figure 9 provides a blockdiagram overview of the EPS system, which primarily consists of a power regulation and distribution
Marshall
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tors, mounting bumpers, and hinge attachments. In
total, the solar array can produce a maximum of
∼32 W under full insolation. Figure 11 shows the
first complete panel under a glow test, where the
cells are forward-biased, causing them to glow as
LEDs. This test is used to identify flaws in the cells
or poorly-performing cells; no flaws are evident in
Figure 11.

dispenser hardness requirements. The interior and
exterior of each panel includes features to accommodate the various subsystems and payload components. The deployable solar panels are removed
in Figure 12; the solar panel hinges attach within
the two rectangular holes visible in the image. The
deployable solar panels then fold into their stowed
position over the E-field antenna shown. Two Delrin bumpers are shown to hold the E-field antenna
in place below the solar panel. The solar panel and
E-field antenna deploy together with a single burn
wire.
Visible at the bottom of the structure are three
roller switches for deployment from the dispenser.
These are integrated with the spacecraft avionics,
ensuring that the system meets dispenser requirements to be powered off while in the dispenser.

Figure 10: Completed EPS board.

Figure 12: CANVAS spacecraft structure.

MISSION DESIGN
The CANVAS mission objectives are best addressed from Low-Earth Orbit (LEO). Measurements of lightning and VLF transmitter signals directly above the ionosphere simplify the experiment
to one variable, the transionospheric propagation,
without the additional complications of magnetospheric attenuation and spreading.
CANVAS is therefore baselined for a LEO mission at an altitude of 500 km, although any altitude
from ∼475–600 km is acceptable. Orbit simulations
show that below 475 km, the spacecraft may re-enter
the atmosphere due to drag in less than one year,
thanks to the relatively high surface area-to-mass
ratio of the spacecraft. Above 600 km, CANVAS
would require propulsion to guarantee de-orbit in
less than 25 years.

Figure 11: Completed solar panel, operated
in forward bias under a glow test to test cell
performance.
Structure and Deployables
The CANVAS spacecraft subsystems and payload are housed in a custom-built 4U structure that
integrates the ADCS system and crown, as shown
in Figure 12. Long bolts attach the crown, ADCS,
and main structure together. The structure consists
of four individual panels and the crown; the back
end of the structure is open to allow search coil deployment. The panels are machined from 6061 aluminum, and the rail areas are hard-anodized to meet
Marshall
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Figure 13: Distribution of global lightning from 2013–2017, as measured by the GLD360 network.43, 44 The black lines show the latitude limits of 51.6◦ , meaning CANVAS will likely
observe between the two black lines, covering most global lightning-producing regions.
craft development by enrolling in a two-semester
“Graduate Projects” course sequence for first- and
second-year master’s students. This course provides
students with a formal education in project management, systems engineering, and the project lifecycle,
while simultaneously participating in a multi-year,
complex engineering project. CubeSats make excellent projects in this regard, as they constitute a
clear application of systems engineering with a clear
need for formal project management. Students learn
the NASA mission lifecycle, and NASA documents
are used extensively to inform the management approach.

The orbit inclination is selected to ensure global
coverage at all local times (i.e. sun-synchronous is
not acceptable) and coverage of lightning-generating
regions and VLF transmitters over the globe. Figure 13 shows a map of lightning flash rates over the
globe for five years using the GLD360 network.43, 44
Lightning is largely confined between ±50 degrees
latitude, so an orbit with an inclination above 50
degrees would cover most global lightning regions.
Additionally, as seen in Figure 1, most VLF transmitters are at low to mid latitudes; the only exception is the NRK transmitter in Norway at 60 degrees
north.
CANVAS is designed for a minimum one-year
mission to observe the seasonal variation of lightning. Otherwise the mission does not have strict
constraints on launch date, local time of ascending
node, or other orbital parameters.

Because students participate formally for only
two semesters, but projects often last for 2–3 years
or more, students may join the project in the middle
of its development. As such, each students’ experience can be different, depending on which phase of
the project they enter. Nonetheless, the formal education part of the course sequence exposes them to
the complete project lifecycle.

PROJECT MANAGEMENT
CANVAS is an NSF-funded mission with both
science and education goals. As part of the mission’s education goals, much of the spacecraft development, both leadership and technical, is conducted
and led by students at CU Boulder, largely from the
Aerospace Engineering Sciences (AES) department.
This student-led methodology was described in detail in Aboaf et al;45 here we provide a brief overview
as it pertains to CANVAS, and describe some of the
differences in our approach.
Students participate in the mission and spaceMarshall

Each student takes on a particular role, such as
project manager, lead systems engineer, instrument
lead, testing lead, and so forth; and students can
cycle to a different role in their second semester to
expand their experience. Furthermore, as new students join the project each semester (not just in the
Fall semester), there is always some overlap of students from one semester to the next, helping to provide continuity to the project. In summers, when
classes are not held, some students are either hired
or volunteer to continue to work on the project and
11
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help push progress forward.
CANVAS has been run as a Graduate Projects
section since Fall 2019, and has averaged 10–12 students per semester; over 50 students have been involved in the project since it’s inception. That number also includes some undergraduate students who
join the project to volunteer, to conduct an independent study course experience, or to work as a paid
hire.

boom deployment in vacuum), and spacecraft vibration testing. Following all of this testing, the full
system is expected to be ready for delivery to the
launch services provider near the end of 2022.
Acknowledgments
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Engineering Support
A key aspect of the student-run spacecraft
project is mentoring. A team of students without
professional mentors can make progress, but spacecraft development requires extensive experience in
best practices and other critical knowledge. Faculty in the Aerospace Engineering Sciences (AES)
and Astrophysical and Planetary Sciences (APS) departments provide the top-level mentoring, but the
student team is also supported by experienced engineers. Professional engineers from the AES department and from LASP provide mentoring advice,
training to students in software and hardware tools,
and review student work.
In addition, however, some aspects of the CANVAS mission are particularly challenging and require significant efforts from professional engineers.
For example, the data processing algorithm, implemented in Verilog on an FPGA, is a extremely difficult project for any student or team of students to
take on without extensive experience. For this reason, the FPGA development is led by an engineer
at LASP. Similarly, LASP engineering is utilized for
flight software development and mission operations,
thanks to their extensive experience in this areas and
their existing facilities. By incorporating AES and
LASP professional engineering for the more complex
tasks on CANVAS, it has freed up the students to
focus on tasks that are better suited to their education, experience, and career goals.
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